ABSTRACT We studied movement patterns of nymphs of a highly polyphagous herbivore, Lygus rugulipennis Poppius (Heteroptera: Miridae) on two host plants, wheat (Triticum aestivum) and scentless mayweed (Tripleurospermum inodorum Schultz). We used the observed movement patterns to model redistribution of nymphs with an individual based movement model and with a diffusion approximation of random walk, and we tested the predictions of the models by following redistribution of nymphs on small arenas in the laboratory. The nymphs were clearly more mobile on wheat than on T. inodorum, and on the arenas most of nymphs were found on T. inodorum after the period of redistribution. Both the simulation model and the diffusion approximation of random walk predicted the distribution well. The ability of the models to predict equilibrium distribution of L. rugulipennis nymphs in heterogeneous space, even though they were parameterized with data collected in homogenous vegetation, suggests that the observed distribution of individuals may have been caused by the host plant induced differences in movement patterns. The high speed of redistribution predicted by the models suggests that no tactic behavior, e.g., orientation toward T. inodorum, is needed for locating preferred hosts in a heterogeneous vegetation composed of small patches.
FACTORS INFLUENCING MOVEMENT patterns of animals are of particular interest because moving behavior is recognized as a key factor in determining the spatial distribution of populations. For example, foraging behavior of insect predators has been related to prey density (e.g., Evans 1976, Carter and Dixon 1982) and to the general quality of their environment (Wallin and Ekbom 1988) ; and movement patterns of monoand oligophagous herbivores have been studied in relation to presence, proportion, and spatial patterns of suitable host plants (e.g., Jones 1977 , Zalucki and Kitching 1982 , Bach 1984 , Root and Kareiva 1984 . Because polyphagous herbivores often live in heterogeneous environments, where several plants are suitable, but not equally good hosts, their movement patterns have a high potential for inßuencing their distribution among areas of different quality. However, there is almost no information on movement patterns of polyphagous insect herbivores (Turchin 1998 ).
In the current work we studied the following: (1) if host plant species affect movement patterns of nymphs of a polyphagous herbivore, Lygus rugulipennis Poppius, and (2) if and how these movement patterns inßuence the spatial distribution of individuals in heterogeneous vegetation. Movement patterns were studied in the laboratory on two host plants, wheat (Triticum aestivum) and scentless mayweed (Tripleurospermum inodorum Schultz). Both these species are known to be suitable hosts for all life stages of L. rugulipennis (Holopainen and Varis 1991) . However, Þeld tests of food plant selection show that T. inodorum is a clearly preferred host compared with wheat (Varis 1972) . The inßuence of movement patterns on the spatial distribution of individuals was studied by modeling redistribution as a random walk, and comparing the model predictions with the redistribution observed in laboratory arenas.
The large-scale distribution of L. rugulipennis nymphs in the Þeld is, without a doubt, determined by the oviposition behavior of adult females. However, because the relative quality of different plants in the community is most likely to change during the development of eggs and nymphs (e.g., Ϸ2.5 mo in Finland, Varis 1972) , movement patterns of nymphs may be important for their distribution and Þtness, even if the eggs were laid on the best available plants.
Materials and Methods
Insects and Plants. Adult L. rugulipennis were collected from heather (Calluna vulgaris) in the forest near overwintering sites in May 1999 near Helsinki southern Finland. Males (197) and females (134) were divided into two cages (30 by 30 by 50 cm) with turnip rape (Brassica rapa oleifera) as food and oviposition substrate. Newly hatched nymphs were moved into different cages to be reared either on wheat or T. inodorum.
Wheat (variety ÔTjalveÕ) and T. inodorum were cultivated in the greenhouse. Wheat was grown from seeds, and T. inodorum was collected as young seedlings from the Þeld. All plants were grown in sand, and the amount of nutrients given per volume of sand was equal for all plants. By the time of the experiments the wheat plants were in early stem extension stage, and T. inodorum was budding and ßowering.
The plants used in the behavioral observations were grown in pots (4.5 liter). In one pot there was either Ϸ25 individuals of wheat or two individuals of T. inodorum. For testing of the modeling results arenas of two sizes (30 by 30 cm and 60 by 60 cm) were constructed. The small arenas were built by dividing square basins (30 by 30 cm, 11.7 liter) into four quadrants, and sowing wheat in the two opposite squares (13 seeds in each), and planting T. inodorum (two or three seedlings in each) in the two other squares. The large arenas were constructed by sowing two whole basins with wheat (Ϸ52 seeds in each), and planting two other whole basins with T. inodorum (Ϸ12 seedlings in each). These four basins where then brought together to form one large arena, using the same pattern as above.
The number of seeds and seedlings used was such that by the time of the experiments the density of plant material of both species was about the same and that both species formed a continuous vegetation cover.
Observations of Behavior. Observations of behavior were done in the laboratory where artiÞcial light was provided and temperature varied between 27 and 29ЊC. The positions of the pots with different plant species were reversed once a day to avoid biased effect from external factors. Four to Þve nymphs were placed in each pot at a time at least 1 h before the observations. Only Þfth-instar nymphs were used. The nymphs had been reared on the same plant species as that on which their behavior was observed.
The behavior of the nymphs was followed one at a time. One observation lasted for 20 or 40 min, and it was divided in 10-min long time steps. All moving and standing still periods were recorded with a simple self-written computer program. The probability of moving in a time step was later determined based on this data. Net displacements and turning angles were obtained by determining coordinates of the nymphsÕ position at the beginning of each time step.
The coordinates were obtained with a device that consisted of two perpendicular rulers attached to a vertical stand. The rulers were permanently attached to each other but they were movable in relation to the stand. On both rulers there was a movable perpendicular sight stick. The coordinates were determined by placing both sight sticks in line with the nymph.
The data were collected in two sets. In the Þrst set the nymph that was seen Þrst was chosen for the observation and was followed for 20 min. Twenty nymphs were observed on both plant species. This data set provided probabilities of moving and frequency distributions of net displacements. However, because of low mobility of nymphs the Þrst data set gave only a few observations of turning angles. To get more data on turning angles, 10 additional 40-min long observations were done on both plant species concentrating on moving individuals. Only the turning angle data of these additional observations was used.
Analysis of Movement Paths. Net displacements were calculated as the difference between the subsequent points in the system of coordinates. Turning angles were determined as deviations from the previous direction.
Autocorrelations of subsequent moves were studied to test whether the behavior could be described as random walk. Correlation of move directions was studied by deÞning each pair of subsequent turns as left-left, right-right, left-right, or right-left, and by comparing the frequency of observations in these classes with a G-test. Correlation of subsequent net displacements was studied with Spearman rank correlation (Sokal and Rohlf 1969, SPSS 1998) .
The frequency distributions of net displacements and turning angles on different plant species were compared with nonparametric MannÐWhitney U-test (Sokal and Rohlf 1969, SPSS 1998) .
The Simulation Model. A simple two-dimensional random walk model was built to simulate movement of individuals in heterogeneous landscapes.
Movement by one individual at a time was simulated in the following manner. First, the initial position was randomized and recorded as wheat or T. inodorum. At the beginning of each time step a number between 0 and 1 was randomized to determine whether the individual would move or not during the time step. If the number was greater than the number describing probability of moving observed on the current plant species the individual would not move. If it was smaller the simulation would proceed by randomizing a net displacement and a turning angle from the observed frequency distributions for the current plant species. The net displacement and turning angle were used to calculate the next position of the individual. The procedure was repeated for a chosen number of time steps.
The simulation model was run 1,000 times and 30 of these runs were randomly selected for statistical comparison with the observed densities.
Diffusion Approximation of Random Walk. The simple FokkerÐPlanck diffusion equation for population redistribution of organisms moving according to uncorrelated random walk in heterogeneous two-dimensional space is (Patlak 1953 )
Where u ϭ u(x,y,t) is the spatio-temporal density of organisms, x and y are the spatial coordinates, t is time, and (x,y) is motility. For the diffusion approximation of uncorrelated random walk in two-dimensional space motility is
Where m 2 is mean squared move length, and is mean move duration (for details and other cases see Okubo 1980 or Turchin 1998 . The time dependent solutions of the diffusion equation were obtained numerically with the Þnite difference method. Prediction of the equilibrium distributions were also obtained with so-called residence indices (Turchin 1991) . Residence index is a relative measure of the average time that an organism spends between entering and leaving a unit area that is characterized by a particular motility. For the FokkerÐPlanck diffusion equation residence index is simply the inverse of motility (Turchin 1998) . The predicted ratio of population densities between different patches equals the ratio of residence indexes in these patches.
Modeled Landscapes. The modeling was done in two landscapes. Both consisted of two squares of wheat and two squares of T. inodorum placed cornerwise. In the Þrst landscape the area of one square was 15 by 15 cm and in the second landscape it was 30 by 30 cm.
In the simulation model the initial distribution of individuals was randomized, and the number of individuals used was the same as the number of individuals in the experiments done to validate the models. In the diffusion approximation model a uniform initial distribution, with density of one in each point of space, was used. Because in the diffusion approximation the redistribution of the initial density at each point is independent of the redistribution of the initial densities in all other points, having only some random points with initial density of one would be like taking samples of the uniform case. Thus, the uniform case equals an average over a large number of cases with a random initial distribution of points with value of 1. Reßecting boundary conditions were used both in the simulation model and in the diffusion approximation model.
Observations of the Redistribution Process. The predictions of the models were tested by observing redistribution of nymphs on arenas like the landscapes used in modeling. Four arenas with the small squares and two with the large ones were constructed as described earlier. Each arena was placed on a large tray Þlled with water to trap the nymphs escaping from the arena. The validation was done under the same conditions and with similar nymphs as for collecting of the behavioral data. After each replicate the arenas were turned 90Њ to avoid biased effects from unknown external factors. In each replicate, about half of the nymphs had been reared on wheat and half on T. inodorum.
On the small arenas, redistribution of 10 nymphs was followed in each replicate. On the large arenas the number of nymphs used in each test was 40. The initial distribution of the nymphs was randomized in the following way. The small arenas were divided into four squares and the large into 16 squares. For each nymph a square was picked randomly, and the nymph was placed in the selected square.
In the small arenas the number of nymphs on different plant species was counted after about 1 h (50 Ð70 min) and about 2 h (120 Ð150 min). In the large arenas the counting was done after about 4 h (220 Ð250 min) and about 8 h (400 Ð500 min). The test was repeated 11 times in the small arenas and eight times in the large arenas.
The observations of the redistribution process were divided in early and late observations according to the counting times presented above. The early observations on the small arenas were compared with simulation results after 60 min, and the late with simulation results after 140 min. The early observations on the large arenas were compared with simulation results after 240 min, and the late with simulation results after 450 min. Comparisons were done with t-test.
Results
The probability of moving was 0.71 on wheat (n ϭ 40) and 0.65 on T. inodorum (n ϭ 40). The total time spent moving was signiÞcantly higher on wheat than on T. inodorum ( Fig. 1) (U ϭ 102.0, P ϭ 0.0132, n ϭ 39). On T. inodorum, most net displacements were less than 30 mm, but on wheat longer net displacements were common (Fig. 2) . The frequency distributions of net displacements on the two plant species differed signiÞcantly (U ϭ 132.5, P ϭ 0.000, n ϭ 55).
Because right and left turning angles did not differ, neither on wheat (U ϭ 180, P ϭ 0.80, n ϭ 39) nor on T. inodorum (U ϭ 99.5, P ϭ 0.29, n ϭ 32), left and right turns were pooled to get the frequency distributions of turning angles. The frequency distribution of turning angles on wheat and T. inodorum did not differ (U ϭ 561.5, P ϭ 0.275, n ϭ 73) (Fig. 3) .
No autocorrelation of move directions was found, either on wheat (G ϭ 3.51, df ϭ 3, P Ͼ 0.1, n ϭ 17) or T. inodorum (G ϭ 1.13, df ϭ 3, P Ͼ 0.1, n ϭ 18). The subsequent net displacements were found to be correlated on wheat (Spearman correlation coefÞcient ϭ 0.631, P ϭ 0.003, n ϭ 20) but not on T. inodorum (Spearman correlation coefÞcient ϭ Ϫ0.103, P ϭ 0.667, n ϭ 20). When the individuals that did not move at all were omitted, the correlation on wheat disappeared (Spearman correlation coefÞcient ϭ 0.333, P ϭ 0.225, n ϭ 15).
The random walk parameters that describe moving behavior on different plant species are presented in Table 1 . The average cosine of the turning angles was close to zero on both plant species, indicating lack of directional persistence. Thus, uncorrelated random walk was chosen as the appropriate approximation of the process.
Both the simulation model and the diffusion approximation of random walk predict the distributions accurately (Fig. 4) . The diffusion approximation predicts that the change in the distribution will be faster than the simulation model, but the lines seem to be approaching each other. The early stage densities predicted by the simulation model differ from the observed densities both in the small (t ϭ 2.31, df ϭ 31.03, 2-tailed P ϭ 0.027) and in the large arenas (t ϭ 3.18, df ϭ 21.1, 2-tailed P ϭ 0.004). But the densities predicted for the later stage do not differ from the observed ones in either case (small: t ϭ 1.64, df ϭ 39, 2-tailed P ϭ 0.108; large: t ϭ 0.35, df ϭ 36, 2-tailed P ϭ 0.731).
Residence indices ( Table 1 ), predict that 95.9% of the population should be on T. inodorum when the redistribution has reached an equilibrium stage.
Discussion
Host Plant Induced Movement Patterns. Movement patterns of L. rugulipennis nymphs were clearly dif- ferent on the two studied host plant species. Probability of moving and the distribution of turning angles did not differ among plants, but the total times spent moving and the net displacements were signiÞcantly longer on wheat than on T. inodorum.
It has been suggested that all herbivores reduce their rates of movement in patches of high quality food plants (Morris and Kareiva 1991) . The fact that L. rugulipennis favors T. inodorum over wheat for both food and oviposition (Varis 1972) indicates that T. inodorum may be a superior host compared with wheat. However, because there are no data about the Þtness of L. rugulipennis on wheat and T. inodorum our results showing that movement rates were lower on T. inodorum than on wheat provide only indirect support to the above conjecture.
Because we studied nymphs that had only experienced one plant species the observed differences in movement patterns cannot be explained by relative qualities of the experienced environments, i.e., changed rates of movement after encountering higher or lower quality food plants. We suggest that the observed differences in movement patterns may have been caused by differences in the composition of nutrients, or by differences in the within-plant distribution of resources. The observed behavior would be expected if the nutritional composition of T. inodorum was close to the optimum diet of L. rugulipennis nymphs, and if wheat provided energy for movement, but lacked some nutrients that are essential for optimal development. The observed difference would also be expected if resources were more uniformly distributed in wheat than in T. inodorum.
The spatial and temporal scales used in collecting movement data were small compared with the length of the Þfth-instar L. rugulipennis, an average of 8 d (Varis 1972) , and the length of net displacement possible during that time interval. It is important that movement in the chosen temporal scale is not restricted by the selected spatial scale. We recognize that it is possible that the net displacements observed on wheat could have been longer if the spatial scale were larger, but we argue that it is very unlikely that net displacements on T. inodorum would have been restricted by pot size. Thus, if a larger spatial scale had been used it is possible that an even greater difference in net displacements on the two plant species would have been observed.
It is important in behavioral experiments to perform observations over a sufÞcient length of time if behavior changes over time. It is possible that some part of the variation in behavioral parameters seen in the current study was caused by nymphal age or by differences in the time of day when the nymphs were observed. However, because the nymphs used on both plants represented a random sample of all age groups within the Þfth instar, and because observations on both plant species were performed at all times of the day (0800 Ð2000 hours), there is no strong reason to assume that the observed differences in behavior were caused by biased samples.
Distribution in Heterogeneous Vegetation. The host plant induced movement patterns of L. rugulipennis nymphs affected the spatial distribution of individuals in both the studied scales of spatial heterogeneity. The observed distributions at the end of the arena experiments were close to equilibrium distribution and clearly in accordance with the predictions of the models. However, for the observations made at the earlier time comparison with predictions of the models is complicated by several factors.
An essential assumption of uncorrelated random walk was violated because the net displacements on wheat were autocorrelated. Because the correlation was limited to individuals that did not move at all, we concluded that ignoring the correlation would cause the models to predict a faster redistribution than if the correlation was properly taken into account, but that the predictions of distributions close to equilibrium would not be inßuenced. The predictions of the individual based simulation and the diffusion approximation of simple random walk were not identical, even though they modeled exactly the same process and they were parameterized with the same data. An essential difference in the models is that time is discrete in the simulation, but continuous in the diffusion approximation. This means that in the simulation model, behavior does not change immediately when an individual moves from one plant species to the other.
The simulation model was clearly not accurate in predicting the early distributions on the arenas. However, because of the difference in the predictions of the two modeling techniques, and because of the inaccuracy brought about by the autocorrelation of net displacements on wheat it is impossible to determine whether this inaccuracy was caused by these technical problems or by biological factors. Furthermore, because the models predicted the redistribution to be very fast the Þrst counting of nymphs on the arenas may have been done too late to properly determine whether the observed speed of redistribution was in accordance with the predicted one.
The distributions observed and predicted in the current work are roughly in accordance with distribution observed in a food plant selection experiment by Varis (1972) . She reported Ϸ38 times more adults and Ϸ190 times more nymphs on T. inodorum than on wheat. When these ratios are translated into distributions of individuals among the two plant species Ϸ98% of adults and Ϸ99.5% of nymphs were on T. inodorum. In an experiment concerning selection of oviposition hosts Varis (1972) found 21 times more eggs on T. inodorum than on wheat. When this ratio is translated into distribution of eggs among the two plant species 95.5% of eggs were on T. inodorum, and 4.5% were on wheat. If the distributions of eggs and nymphs among wheat and T. inodorum are compared it seems that the eggs were slightly less aggregated on T. inodorum than nymphs. This shift in distribution may be caused by movement of nymphs or by different survival rates on the two hosts.
When using the current data to explain or predict the distribution of L. rugulipennis in the Þeld, several reservations should be noted. In addition to general reservations about using laboratory observations to explain phenomenon in nature, the fact that behavior was observed only during daytime and only Þfth-instar nymphs were observed limit the predictions that can be made. If the activity of the nymphs is different during nighttime modeling using the current parameters cannot be extrapolated over several days, e.g., to predict the time needed to reach an equilibrium distribution in a given vegetation. Also if the host plantinduced differences in behavior are not present or if they are smaller in the early life stages the predictions over long periods will be incorrect. Furthermore, because the later instars of L. rugulipennis are known to be more mobile than early instars (unpublished data) the overall potential for redistribution by nymphs will be overestimated if predictions are based on the present observations of Þfth-instar nymphs. Other restrictions include problems encountered when studying movement on the surface of three-dimensional vegetation in two dimensions. When vertical movement is excluded the results may be limited to the vegetation height used when observing behavior. Morris and Kareiva (1991) discuss the need for data to determine whether herbivores locate high quality food patches by highly tuned sensory capabilities or by wide ranging motion combined with minimal sensitivity to local food quality. The results of the current experiments indicate that Þfth-instar nymphs of L. rugulipennis can effectively locate superior host plants by random motion combined with sensitivity to local conditions in heterogeneous vegetation composed of small patches. We recognize that based on the current data the possible tactic behavior, e.g., orientation toward T. inodorum, cannot be detected for at least two reasons. First, because the accuracy of the predicted speed of redistribution cannot be evaluated, and second because without modeling it is not even possible to predict whether attraction in a noncontinuous environment composed of small patches will speed up or slow down redistribution. This is because an insect with very limited memory trying to follow a strong cue may spend a lot of time going back and forth in dead ends. When patch size is small drifting far away from the superior host is unlikely, and thus the good patches could be reached faster by moving randomly than by following cues.
